Methods involving in situ RNA hybridization, immunohistochemistry, and microspectrophotometry of individual cells were used to localize the mRNA encoding chalcone synthase (the key enzyme of flavonoid biosynthesis), the enzyme protein, and the biosynthetic end products in cross sections of parsley leaves (Petroselinum crispum). The lightdependent, sequential occurrence of all three components was restricted to epidermal cells. The results are in agreement with the putative function of flavonoids (transcriptionally inducible, UV-protective pigments) and suggest that all biosynthetic steps occur in those cells in which the products accumulate.
For plants, light is an essential source of both energy and external signals regulating developmental processes and adjustments to changes in the environment (1) . In tissues exposed to potentially noxious UV irradiation, a major form of adjustment is the rapid accumulation of UV-protective compounds. Flavonoids accumulate in the vacuoles of epidermal cells (2) and absorb strongly, in vivo as well as in vitro (3, 4) , in the critical range of 230-380 nm where damage caused by UV irradiation occurs. Flavonoids have therefore been implicated in the UV-protection mechanism of plants (5) .
Extensive studies using cell-suspension cultures of parsley (Petroselinum crispum) and a few related species (6) have revealed that flavonoids are absent in dark-grown cells and accumulate rapidly upon UV irradiation. In cultured parsley cells, the exclusive site of accumulation is the vacuole (3) . The concomitant accumulation of several structurally related flavone and flavonol glycosides is preceded by the transient, coordinated induction of the biosynthetic enzymes (6) . For chalcone synthase, the key enzyme of the flavonoid glycoside pathway, the induction has been shown to occur at the transcriptional level (7) . Although UV light is essential for induction, blue and red light have additional, modulating effects (8) .
In view of the importance of a UV-protection mechanism in plants, we have extended our earlier investigations of intact plants (9) and have studied the site and mode of light-induced flavonoid accumulation in parsley leaves. We have used chalcone synthase cDNA for in situ RNA hybridization, a specific antiserum for the immunohistochemical detection of the enzyme, and spectrophotometric methods for the identification of flavonoids in individual cells. This combination of techniques enabled the tissue-specific localization of the four major steps in the induction process, from gene activation and enzyme synthesis to the formation and deposition of the biosynthetic end products. (Miles), quickly frozen in n-hexane (cooled with liquid N2), and 12-,um sections were sliced in a cryostat (Reichert-Jung) at an object temperature of -15°C. Sections were picked up on gelatin (0.3%)-subbed slides, heated at 50°C for 2 min, postfixed for 20 min at room temperature in the same fixative as described above, and dehydrated through a series of ethanol concentrations (30o, 60%o, 80o, 94%, and 96%) for 2 min each, except that in 80% ethanol the sections were kept for 5 min. The slides were air-dried and were stored for several weeks at 4°C.
MATERIALS AND METHODS

Materials
Pretreatment of Sections. The following treatments were carried out prior to hybridization. The fixed sections were first extracted with 0.2 M HCl at room temperature for 20 min, rinsed with water, and incubated in 0.3 M NaCl/0.03 M sodium citrate, pH 7.0, at 70°C for 20 min. The slides were rinsed with water for 5 min at room temperature, incubated for 10 min in a freshly prepared solution of self-digested (13) Pronase (250 ,g/ml in 50 mM TrisIHCl, pH 7.5/5 mM EDTA), and again fixed and dehydrated as described above.
Preparation of DNA Probe. DNA fragments were "oligolabeled" (14) (Fig. 1) . -e!± situ with 3H-labeled DNA probes and analyzed by autoradiography. No tissue-specific hybridization with labeled chalcone synthase cDNA was observed in completely etiolated leaves (Fig. 3A) , whereas chalcone synthase transcripts accumulated preferentially in the epidermis of previously etiolated leaves that had been illuminated for 10 hr (Fig. 3B) . Treatment of illuminated tissue with 3H-labeled pBR322 served as an additional control and was also negative (Fig. 3C ). An analogous series (Fig. 3 D-F ) is shown at a larger magnification under a differential interference contrast microscope. This technique demonstrates most clearly the high density of silver grains in the photographic emulsion over epidermal cells of illuminated tissue probed with chalcone synthase cDNA (Fig. 3E) , as compared with mesophyll cells and the two controls (Fig. 3 D and F) .
Immunohistochemistry. A third series of cross sections was used to localize the light-induced chalcone synthase protein in situ by indirect immunoperoxidase staining (Fig. 3 G-I). In this case, dark-grown tissue (Fig. 3G) was compared with tissue treated for 24 hr with the standard light program (Fig. 3H) , and preimmune serum was used instead of chalcone synthase antiserum in an additional control experiment with illuminated tissue (Fig. 31) . Enzymespecific staining occurred only in illuminated tissue and was largely confined to the narrow cytoplasmic layer of epidermal cells.
Flavonoid Accumulation. Under standard light/dark conditions, 7-day-old, etiolated leaves assumed the size and appearance of normal leaves (=250 mg) within another 7 days. During the first 2 days of this period, the increase in fresh weight was slow (from 25 to 35 mg), whereas the flavonoid glycoside content increased rapidly from a very low level to over half (=2.4 Amol per leaf) the value measured at day 7 (-4 ,umol per leaf). In leaves etiolated for 14 days, fresh weight and flavonoid glycoside level did not change appreciably.
Microspectrophotometry. A comparison of cross sections from etiolated and green leaves by UV fluorescence microscopy under alkaline conditions (Fig. 4) showed the charac- Proc. Natl. Acad. Sci. USA 85 (1988) compounds as flavonoids is demonstrated in Fig. 5 . Absorption spectra obtained by microspectrophotometry in the vacuolar region of single epidermal cells revealed two characteristic peaks at 270 and 330 nm. A bathochromic shift of the 330-nm peak to 390 nm occurred under alkaline conditions (Fig. 5A ). These spectra were not observed in mesophyll cells. For further comparison of the two cell types, the emission spectra (excitation at 365 nm) of vacuolar areas were recorded in intact epidermal and mesophyll cells from a green leaf (Fig. 5B) . While the epidermal cell clearly showed the fluorescence of flavonoids with an emission maximum at 510 nm, the mesophyll cell fluoresced mostly in the red range of the spectrum, due to the presence of chloroplasts. The yellow fluorescing compounds'in vascular bundles (Fig. 4) are not flavonoids. Their chemical nature is unknown and was not investigated.
DISCUSSION
We have shown that epidermal cells are the site of both synthesis and accumulation of flavonoids in parsley leaves. Previous work with cultured parsley cells established the absolute requirement of UV light for this biosynthetic activity (17) , as well as the complex coaction with other wavelengths (8) . In this study, we used white light containing all potentially effective wavelengths, including UV, to simulate natural illumination as closely as possible. Under these conditions, we demonstrate that all steps of the induction process, the causally related sequence of de novo mRNA, enzyme, and flavonoid synthesis (7) committed step and, hence, occupies the key position in the flavonoid pathway; and chalcone synthase mRNA and protein are far more abundant in light-stimulated parsley cells than those of any other flavonoid biosynthetic enzyme (19) .
Etiolated leaves were a particularly suitable system. Their response to illumination was similar to green leaves temporarily kept in the dark (Fig. 1) , except that relative changes started at lower levels and were therefore more readily detected. A detailed mathematical analysis demonstrating a direct causal relationship for the sequential, light-induced appearance of chalcone synthase mRNA, chalcone synthase, and flavonoid end products has been reported for cultured parsley cells (7) . Similar timing of the same sequence of events has' now been observed in etiolated leaves. Peaks occurred at approximately 10 and 24 hr for lightinduced changes in the relative amounts of chalcone synthase mRNA and enzyme protein, respectively, and a plateau in the accumulation of flavonoids was reached between days 2 and 7.
These studies report the entire sequence of secondary product formation in intact plant tissue. The localization of all sequential steps in the same cell type was not necessarily expected. In primary oat leaves, chalcone synthase and several related enzymes were located in the mesophyll, whereas two structurally related C-glycosylflavones, the major flavonoid products, accumulated predominantly in the epidermis (20) . The authors interpreted their results by postulating the involvement of intercellular transport. Such a mechanism is unlikely to occur under the conditions used here. The very low levels of mRNA, enzyme, or flavonoids detected in the mesophyll of parsley leaves (e.g., see The rapid synthesis of flavonoids as a result of lightdependent gene activation in the outermost cell layer of parsley leaves, together with the previously demonstrated UV requirement for induction (8) and the strong UV absorbance of the products, strongly supports the putative role of these compounds as UV-protective pigments in plants.
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